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Abstract El Nin˜o/Southern Oscillation (ENSO) af-
fects climate not only in the Pacific region and the
tropics, but also in the North Atlantic-European area.
Studies based on twentieth-century data have found
that El Nin˜o events tend to be accompanied in late
winter by a negative North Atlantic Oscillation index,
low temperatures in northeastern Europe and a change
in precipitation patterns. However, many questions are
open, for example, concerning the stationarity of this
relation. Here we study the relation between ENSO
and European climate during the past 500 years based
on statistically reconstructed ENSO indices, early
instrumental station series, and reconstructed fields of
surface air temperature, sea-level pressure, precipita-
tion, and 500 hPa geopotential height. After removing
years following tropical volcanic eruptions (which sys-
tematically mask the ENSO signal), we find a consis-
tent and statistically significant ENSO signal in late
winter and spring. The responses to El Nin˜o and La
Nin˜a are close to symmetric. In agreement with studies
using twentieth-century data only, the ENSO signal in
precipitation is different in fall than in late winter.
Moving correlation analyses confirm a stationary rela-
tionship between ENSO and late winter climate in
Europe during the past 300 years. However, the ENSO
signal is modulated significantly by the North Pacific
climate. A multi-field cluster analysis for strong ENSO
events during the past 300 years yields a dominant pair
of clusters that is symmetric and represents the ‘clas-
sical’ ENSO effects on Europe.
1 Introduction
El Nin˜o/Southern Oscillation (ENSO) is the globally
dominating mode of interannual climate variability and
affects weather and climate worldwide. Because of the
progress that has been made in its prediction, the
relation between ENSO and climate in other regions is
of interest with respect to potential seasonal predict-
ability. This is especially the case for Europe, where
current forecast systems have almost no skill on the
seasonal scale (van Oldenborgh 2005).
The effect of ENSO on climate in Europe has been
studied intensively during the past few years using both
models (e.g. Merkel and Latif 2002; Mathieu et al.
2004) and observational data (e.g. Fraedrich and
Mu¨ller 1992; Gouirand and Moron 2003; Pozo-Va´z-
quez et al. 2005; Mariotti et al. 2005; Bro¨nnimann et al.
2004). Many authors find that the predominant
response pattern to ENSO of the circulation over the
North Atlantic-European sector in late winter is
similar to, though not exactly, the North Atlantic
S. Bro¨nnimann (&)
Institute for Atmospheric and Climate Science,
ETH Zu¨rich, Universita¨tsstr. 16, 8092 Zu¨rich, Switzerland
e-mail: stefan.broennimann@env.ethz.ch
E. Xoplaki Æ J. Luterbacher
NCCR Climate, University of Bern, Bern, Switzerland
E. Xoplaki Æ J. Luterbacher
Institute of Geography, Climatology and Meteorology,
University of Bern, Bern, Switzerland
C. Casty
Physics Institute, University of Bern, Bern, Switzerland
A. Pauling
MeteoSwiss, Zu¨rich, Switzerland
Clim Dyn (2007) 28:181–197
DOI 10.1007/s00382-006-0175-z
123
ENSO influence on Europe during the last centuries
S. Bro¨nnimann Æ E. Xoplaki Æ C. Casty Æ
A. Pauling Æ J. Luterbacher
Received: 20 February 2006 / Accepted: 22 June 2006 / Published online: 26 July 2006
 Springer-Verlag 2006
Oscillation (NAO), with a negative sign for El Nin˜o
and a positive for La Nin˜a. It includes (for the El Nin˜o
case) low temperatures over northeastern Europe and
negative and positive precipitation anomalies in Nor-
way and around 40–45N (including large parts of the
Mediterranean), respectively. However, there are still
many open questions. For instance, the signal is rather
difficult to detect within the large interannual vari-
ability of climate in the North Atlantic-European sec-
tor. Some authors suggest that the response might be
non-stationary in time or that there might be several
distinct, robust ENSO signals (e.g. Moron and Goui-
rand 2003; Knippertz et al. 2003; Greatbatch et al.
2004; Raible et al. 2004; see also discussion in van
Oldenborgh and Burgers 2005).
It is therefore interesting to use very long records
and study the ENSO signal in Europe at a seasonal
time scale further back in time than the observational
record allows. This can only be done with spatio-tem-
porally highly resolved climate field reconstructions.
Proxy climate data stand as our only means of assessing
the long-term variability associated with ENSO and its
global influence. Mann et al. (2000a) review the recent
publications of ENSO reconstructions based on a
variety of natural and documentary proxies.
Mann et al. (2000a) show reconstructed global an-
nual mean temperature anomalies for a number of El
Nin˜o years since 1650 (1652, 1720, 1747, 1791, 1804,
1828, 1877 and 1884, selected based on documentary
evidence). Except for 1791, all of them show negative
or neutral temperature departures over northeastern
Europe. However, the anomaly fields presented for
two La Nin˜a years, that is, 1732 and 1777, also show
below normal temperatures in northeastern Europe. In
a statistical analysis of the same data, a negative or
neutral temperature signal in northeastern Europe
during El Nin˜o is found in all studied subsequent 50-
year periods, whereas other signals, such as the tem-
perature response over southwestern Europe were
more variable and changing sign. Felis et al. (2000) and
Rimbu et al. (2003) compared an oxygen isotope re-
cord from corals from the northern Red Sea with an
ENSO index over the past 245 years and found a clear
wintertime signal, but also noted a non-stationary
behaviour of that signal around 1970. While both
studies confirm ENSO effects in the greater European
region prior to the instrumental record, further insight
is limited by the time resolution of their records and
the fact that only temperature is considered.
In this study we use reconstructed monthly and
seasonal fields of sea-level pressure (SLP), land surface
air temperature, precipitation, and 500 hPa geopoten-
tial height (GPH) over the North Atlantic-European
area as well as several long instrumental series to study
the effect of ENSO during the past 250 to 500 years.
The climate field reconstructions are compared to
reconstructed ENSO indices. Using such a large sam-
ple, we address the possible non-stationary behaviour
of the climate signal as well as its interaction with other
climate variations.
In Sect. 2 we describe the data used (ENSO and
other reconstructed indices, climate field reconstruc-
tions, early instrumental data) as well as the statistical
methods, such as compositing, moving-window corre-
lation, and clustering. Results are presented in Sect. 3
and discussed in the context of other studies. In Sect. 4,
conclusions are drawn with respect to our under-
standing of the ENSO-European climate coupling.
2 Data and methods
2.1 ENSO indices
In order to measure ENSO, a number of indices and
data sets were used. Figure 1 gives a schematic over-
view. Observational sea-surface temperature (SST)
data to derive an SST-based ENSO index, such as
NINO3 or NINO3.4 [SST averages over the areas
(150–90W, 5S–5N) and (170–120W, 5S–5N),
respectively] reach back to the mid-nineteenth century.
We used ERSST version 2 data (Smith and Reynolds
2004) for this purpose. However, the data prior to
about 1880 are uncertain in the tropical Pacific (Smith
and Reynolds 2004) and hence were not used. For
earlier time periods, we relied on statistical recon-
structions of ENSO indices that are based on natural
proxies. In order to obtain a balanced view, we used
several indices. Mann et al. (2000b) reconstructed a
cold season (October–March) NINO3 index back to
1650 using a multi-proxy approach. An alternative data
set is a tree-ring based reconstruction of a winter
(December–February) NINO3 index by Cook (2000)
back to 1400 (D’Arrigo et al. 2005a). Stahle et al.
(1998) reconstructed the Southern Oscillation index
(SOI) based on tree rings back to 1706. In addition to
these data sets, we also refer to a historical compilation
of El Nin˜o events by Quinn and Neal (1992) that
reaches back to 1525. Note that the rating of warm
episodes by Quinn and Neal (1992) is qualitative and
cold events are not indicated. The reliability of the
record in the early centuries has been questioned; a
new chronology (Ortlieb 2000) reports fewer historical
El Nin˜o events. Implications are discussed in Sect. 2.5.
Comparing the different data sets, we found that the
agreement is relatively good since the early eighteenth
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century (note that the reconstructions used partly
similar predictors), but poor before. For several anal-
yses, we therefore focus on the more recent period (see
later).
2.2 Climate field reconstructions for Europe
Several climate field reconstructions covering the
North Atlantic European area were published in the
past few years. We used surface air temperature
reconstructions over land on a 0.5 · 0.5 grid by Lut-
erbacher et al. (2004, updated using only temperature
data as predictors; Xoplaki et al. 2005), which are
based on CRU TS2.1 (Mitchell and Jones 2005). The
reconstructions are seasonally resolved from 1500 to
1658, when only proxy data (tree rings, ice cores,
documentary-based temperature indices, sea ice
information) are available. Thereafter, early instru-
mental data are also used in the reconstruction ap-
proach and the fields are available on a monthly
resolution. After around 1760, the main information in
these reconstructions comes from early instrumental
data. The reconstructions were used until 1900 and
substituted with observation-based data (Mitchell and
Jones 2005) thereafter. For SLP we used reconstruc-
tions by Luterbacher et al. (2002a), which were cali-
brated using the updated NCAR SLP data (Trenberth
and Paolino 1980). The latter data were used to sub-
stitute the reconstructions after 1900. The statistical
reconstructions (see Luterbacher et al. 2002a, 2004;
Pauling et al. 2006 for a detailed description of the
reconstruction method used) were done in a similar
manner and with similar predictors as the temperature
reconstructions described earlier, but on a coarser grid
(5 · 5 in case of SLP). In addition, monthly recon-
structions of 500 hPa GPH from 1766 onward (Casty
et al. 2005) were used. They are based on surface
pressure observations only and were calibrated with
National Centers for Environmental Prediction
(NCEP)/NCAR data (Kalnay et al. 1996; Kistler et al.
2001), which were also used after 1948. Schmutz et al.
(2001), Luterbacher et al. (2002a) and Bro¨nnimann and
Luterbacher (2004) showed that it is possible to sta-
tistically reconstruct high-quality upper-level pressure
fields using only surface data.
Similar as for temperature, seasonal precipitation
was reconstructed by Pauling et al. (2006) back to 1500.
Reconstructions are based on a large variety of long
instrumental precipitation series, precipitation indices
based on documentary evidence (e.g. Bra´zdil et al.
2005) and natural proxies (tree-ring chronologies, ice
cores, corals and a speleotherm) that are sensitive to
precipitation signals. The Mitchell and Jones (2005)
data were used for calibration and to extend the
reconstructions from 1900 to 2000.
In addition to climate field reconstructions, we also
used an NAO index reconstructed by Luterbacher
et al. (2002b) on a monthly basis back to 1659, sup-
plemented using NCAR SLP data (Trenberth and
Paolino 1980; updated). Note that all of these recon-
structions rely partly on the same predictor data (ex-
cept for Xoplaki et al. 2005; Casty et al. 2005; Pauling
et al. 2006). Hence, they are not independent from
each other. In this analysis, however, the most impor-
tant point is that they are independent from the El
Nin˜o indices.
2.3 Early instrumental data
Several early instrumental measurement series are
available from Europe. In this study we considered in
total 11 temperature and 11 precipitation series that
reach back to 1706 (see Fig. 1; for references see Lut-
erbacher et al. 2004; Pauling et al. 2006). All of these
series were available until 1995 and quality checked
regarding homogenisation issues. Most of the following
analyses were also performed for all station series, but
1500 1706 1880 2003
REC1 REC2 INS
Stahle SOI Allen SOI
Mann NINO3 ERSST NINO3
Wiles Gulf of Alaska Temperature
Mt. Logan accumulation/oxygen isotopes
Gray AMO
Biondi PDO Mantua PDO
D'Arrigo PDO Mantua PDO
Shen PDO Mantua PDO
Quinn and Neal extreme El Niño events
Cook/D'Arrigo NINO3 ERSST NINO3
List of events (Cook/Mann/ERSST after removing contradictions with others)
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early instrumental temperature
early instrumental precipitation
List of strong tropical volcanic eruptions (Fischer)
Fig. 1 Overview of the data sets used in this study
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results are only shown for two series, namely temper-
ature in Uppsala (since 1722, Bergstro¨m and Moberg
2002) and precipitation in Paris (since 1706, Slonosky
2002). These two stations are located near the corre-
sponding centres of the European ENSO signal in late
winter (see Sect. 3.2).
Note that the same early instrumental series were
also used in the climate field reconstructions. Hence
the information is largely redundant (except that the
station series have gaps and missing values). However,
the station series allow analyses that are not possible
with climate reconstructions. For instance, the variance
is often underestimated in the field reconstructions,
and this underestimation is time dependent. Analysing
frequency distributions is therefore only possible with
station data. Similarly, because reconstructions are
based on the assumption of stationarity, station data
are more suitable to analyse a non-stationary behav-
iour.
2.4 Other climate indices
The ENSO signal in Europe is not the same for each El
Nin˜o event and hence further factors have to be con-
sidered (see Mathieu et al. 2004). A very important
disturbance is tropical volcanic eruptions, which are
often followed by relatively mild winters in Europe and
a positive mode of the NAO (Robock 2000); also the
second winter after an eruption is, on average, affected
(Fischer et al. submitted). Because tropical volcanic
eruptions are often followed by El Nin˜o conditions
(Adams et al. 2003), this leads to a systematic distur-
bance of the European ENSO signal. Therefore, for
some of the analyses we excluded the two winters
following major tropical volcanic eruptions (in total 16
eruptions taken from Ammann and Naveau 2003 and
Fischer et al. submitted).
The European ENSO signal possibly results from a
downstream effect of the Pacific North American
ENSO signal. Hence, climate conditions in the North
Pacific as captured in the Pacific Decadal Oscillation
(PDO, Mantua et al. 1997) or other indices are impor-
tant not only as an intermediate step between the
tropical Pacific and Europe, but also because they could
have an effect of their own which interacts with the
ENSO signal. For instance, slowly varying changes in
North Pacific SST might set the stage for the down-
stream propagation of the ENSO signal. To address this
modulating process in the pre-instrumental period, we
used a number of time series that characterise climatic
conditions in the North Pacific region. Reconstructions
of the PDO index based on tree-ring chronologies from
Southern and Baja California are available from Biondi
et al. (2001) for the 1661–1991 period. Another recon-
struction of an annual PDO index was published by
D’Arrigo et al. (2001). It is based on western North
American tree-ring records and covers the period 1700–
1979 [their reconstruction of a spring PDO index back to
1600 (D’Arrigo et al. 2005b) is not used here]. Shen et al.
(2006) reconstructed a PDO index from proxy data of
summer rainfall (a drought-flood index) over eastern
China. All PDO indices were supplemented with the
Mantua et al. (1997) index after 1900. Another indicator
of North Pacific climate is a Gulf of Alaska temperature
reconstruction based on tree rings (Wiles et al. 1996).
Among the three series provided by the authors we
chose the April-to-September averages, which reach
back to 1734. Finally, we analysed snow accumulation
and oxygen isotope data from the Mt. Logan ice core
that are available annually from 1736 to 2000 (Moore
et al. 2002).
To address possible modulations due to Atlantic
SST, we used (unfiltered) reconstructions of Atlantic
SST (average from 0–70N) by Gray et al. (2004). The
record goes back to 1567 (see Fig. 1) and is based on
tree rings. It should be noted, however, that some of
the tree ring records used are located in Europe, so this
series is not independent of the signal in Europe.
2.5 Pre-processing and selection of ENSO events
ENSO events often reach maturity in late fall and
winter, whereas the effects in northern and central
Europe are expected to be largest in later winter or
(for precipitation) spring (see Gouirand and Moron
2003; Knippertz et al. 2003). The ENSO indices used
are defined as cold season or fall-winter indices (see
earlier) and hence are expected to capture its mature
phase. For the European climate signal we distin-
guished (where monthly means were available) late fall
(OND), late winter (JFM) and late spring (AMJ).
Where only seasonal means were available, however,
we relied on fall (SON), winter (DJF) and spring
(MAM).
In order to focus only on the interannual-to-multi-
annual ENSO variability, while excluding the effects of
multidecadal variability, global warming or climate
trends, we applied a high-pass filter. All indices, time
series and fields were filtered with a Gaussian filter
(r = 3 years). The cut-off of this filter is 16 years, which
effectively separates interannual-to-multiannual
ENSO variability from the low-frequency signals. We
refer to the high-pass filtered data also as anomalies or
anomaly fields.
Among the different ENSO indices, we chose the
Mann et al. (2000b) cold-season NINO3 index as our
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basis. Analysing the variances in different time periods
and in the overlap between the Mann et al. (2000b)
reconstructions and ERSST2, we found differences of
more than a factor of 3. Even though the variance
might have increased in reality, most of this must be
due to underestimated variance in the reconstructions.
We therefore decided to analyse ‘reconstruction peri-
od’ (prior to 1880) and ‘instrumental period’ (from
1880 onwards) separately, wherever possible. How-
ever, in order to define ‘extreme’ or ‘strong’ events,
common thresholds must be defined. For this purpose,
the filtered ‘reconstructed’ and ‘instrumental’ ENSO
series were standardised separately based on the years
1706–1879 (for which all indices are available) and
1880–2000, respectively. Thereafter, the Mann et al.
(2000b) NINO3 index was merged with the corre-
sponding instrumental (ERSST2) index from 1880
onwards. In order to define ‘extreme’ and ‘strong’
ENSO events, years outside ±2 or ±1 standard devia-
tions in each ENSO index were marked. The selection
of events was then based on the Cook (2000) index up
to 1649 and on the merged Mann/ERSST2 index
thereafter. From this selection we excluded those
events prior to 1880 for which any of the other avail-
able indices or the list of El Nin˜o events by Quinn and
Neal (1992) indicates a strong (±1 standard deviations)
ENSO event of opposite sign (see Fig. 1). Note that
Quinn and Neal (1992) report more El Nin˜o events in
the sixteenth and seventeenth century than Ortlieb
(2000). As a consequence, the number of La Nin˜a cases
in this period might be too low in our selection, but
there is no effect on the selection of El Nin˜o cases.
Events following major tropical volcanic eruptions
were marked separately.
The reconstruction period was further subdivided
into two periods. The first period (termed REC1) was
defined as 1500 to 1705 and comprises 29 El Nin˜o and
28 La Nin˜a events. As only seasonal reconstructions
are available for most of this period (1500–1658), the
analysis was performed using the classical climatolog-
ical seasonal means (SON, DJF, MAM). In this first
period, the quality of all reconstructions (ENSO indi-
ces as well as climate field reconstructions in Europe) is
reportedly low, which is also evident from comparing,
for example, the two NINO3 indices from Mann et al.
(2000b) and Cook (2000) in the overlapping period. In
1706, the Stahle et al. (1998) SOI data become avail-
able, and the agreement between the ENSO recon-
structions is much better after that year. In the same
year, several early instrumental series become avail-
able in Europe and the quality of the climate field
reconstructions increases. The second subperiod REC2
covers the remaining reconstruction period, that is,
1706–1879. Twenty-two El Nin˜os and 15 La Nin˜as fall
into this period. Finally, the instrumental period
(termed INS) extends from 1880 to 2005 and comprises
22 El Nin˜o and 18 La Nin˜a events.
Table 1 lists the selected events for all subperiods.
In total, 73 El Nin˜o and 61 La Nin˜a situations were
selected. Events following a major tropical volcanic
eruption are marked separately. Note that this is the
case for six El Nin˜o events, but only one La Nin˜a
event. Two events at the beginning and ending of the
period (La Nin˜a 1500 and El Nin˜o 2003) were omitted
Table 1 ‘Strong’ El Nin˜o and La Nin˜a events from 1500 to 2003 in the three defined subperiods REC1 (1500–1705), REC2 (1706–
1879) and INS (1880–2003)
REC1 REC2 INS
El Nin˜o 1511, 1518, 1519,
1520, 1526, 1530, 1539,
1540, 1550, 1556, 1586,
1594, 1602a, 1610, 1618,
1621, 1639, 1640, 1652,
1657, 1662, 1666, 1674a,
1675a, 1677, 1681, 1682,
1691, 1702
1718, 1721, 1723, 1760, 1767,
1784, 1792, 1793, 1795, 1800,
1804, 1815, 1816a, 1821, 1829,
1833, 1846, 1852, 1856,
1869, 1877, 1878
1889, 1897, 1900, 1903a, 1906, 1912,
1915, 1919, 1926, 1931, 1940, 1941,
1952, 1958, 1966, 1973, 1977, 1983a,
1987, 1992a, 1998, 2003b
La Nin˜a 1500b, 1506, 1517, 1522, 1528,
1533, 1538, 1542, 1573, 1579,
1584, 1593, 1612, 1613, 1623,
1631, 1637, 1638, 1645, 1648,
1654, 1664, 1665, 1672, 1676,
1678, 1698, 1704
1717, 1725, 1752, 1757, 1758,
1790, 1797, 1801, 1820,
1822, 1835, 1842, 1847,
1863, 1872
1887, 1890, 1893, 1904a, 1910, 1917, 1925,
1934, 1943, 1950, 1956, 1968,
1971, 1974, 1976, 1985, 1989, 2000
‘Extreme’ events are underlined (see also Fig. 1)
a Events following major volcanic eruptions
b Events at the beginning or ending of the record
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in the following analysis as they might be affected by
edge effects (this also holds for 1767 in the case of
500 hPa GPH).
2.6 Experimental design
For extreme events in REC2 and INS (exceeding two
standard deviations; underlined in Table 1) the
anomaly fields were analysed individually. Then,
composite fields were calculated within each period for
strong El Nin˜o and La Nin˜a events. In contrast to the
classical compositing technique that uses the arithmetic
mean and a t-test for the means, we used a scaled mean
and modified t-value as described by Brown and Hall
(1999). This method gives more robust results if the
distributions are not Gaussian or if there are outliers
(see also Touchan et al. 2005; Pauling et al. 2006). The
scaled mean xs is tested against the null hypothesis H0:
l = 0.
To test the stationary behaviour of the relations
between ENSO and European climate, we compared
the results for the identified subperiods. In addition, we
also analysed some of the most pronounced features in
the form of time series. For this purpose we used the
NAO index as well as early instrumental series that are
close to corresponding anomaly centres. We tested the
correlations of these series with the ENSO indices in a
51-year moving window against Monte Carlo simula-
tions. This allows detecting a possible non-stationary
behaviour at multidecadal scales. We also used the
correlations between ENSO indices and the impact on
European climate to address the modulating influ-
ences. For this purpose, we stratified the sample
according to the supposed modulating factor (e.g. the
sign of the PDO) and then tested whether the corre-
lation coefficient is significantly different in the two
strati using a Fisher’s Z transformation followed by a
Chi-square test.
When trying to address non-stationarities using cli-
mate reconstructions, a natural limitation has to be
kept in mind. Both the reconstructions of El Nin˜o
(using predictors in the Pacific region) as well as the
climate field reconstructions for Europe (using pre-
dictors from the North Atlantic-European area) are
based on the assumption of stationarity. Hence, non-
stationarities in the remote teleconnections can only be
detected to the extent to which the local predictor–
predictand relationships on which the reconstructions
are based have remained stationary. Using early
instrumental series in addition to climate reconstruc-
tions alleviates this constraint for the signal in Europe.
Finally, a multi-field clustering was performed for
strong El Nin˜o and La Nina events, respectively, from
the combined periods REC2 and INS. For this purpose,
we performed principal component (PC) analyses
separately on each field (i.e. variable) and sample,
retaining enough PC to keep at least 90% of the vari-
ance. This corresponds to around three to five series in
the temperature and SLP fields, but 10–15 in the pre-
cipitation fields. Within each field and sample, the PC
time series were divided by the standard deviation over
all retained PC series and by the square root of the
number of retained PC series. Then the PC time series
from all fields were merged to obtain an El Nin˜o and a
La Nin˜a sample. In this way each field contributes the
same amount of information (Euclidian distance) to
the clustering approach, while the differences in the
variances of the PC within each field are retained.
Clusters were obtained with the k-means technique
employing the Hartigan and Wong (1979) algorithm.
They were then again analysed using scaled means
(Brown and Hall 1999) and modified t-values.
Most of the analyses were performed for all seasons
and some for both a sample with and without volca-
nically perturbed years. For brevity’s sake, we con-
centrate mainly on the late winter results and on the
sample without volcanically perturbed years. We also
addressed multidecadal variability by analysing the
low-pass component of the filtered series. After sub-
tracting a linear trend, regression analyses were per-
formed using a NINO3 index and the reconstructed
fields.
3 Results and discussion
3.1 Extreme events
Figure 2 shows January-to-March averaged anomaly
fields of SLP, surface air temperature, European land
precipitation and 500 hPa GPH, together with corre-
sponding early instrumental data, for the selected ex-
treme events (outside two standard deviations). The
most recent events (1973, 1983, 1998) were omitted as
they are well covered by other studies. For El Nin˜o, the
inter-event variability is relatively large. The winters of
1877 and 1889 were cold in northeastern Europe, but
the other two were not. No consistent signal is found in
precipitation, SLP or 500 hPa GPH. For the La Nin˜a
winters, the inter-event variability is somewhat smaller.
There is a tendency towards warm winters in north-
eastern Europe and a tendency for a strong Icelandic
low. Four out of five cases show dry winters in central
and western Europe. In both samples it is interesting
that in the SLP and 500 hPa GPH fields the main
anomalies are often not congruent with the main cen-
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Temperature (˚C) Precipitation (mm/mon) SLP (hPa) 500 hPa GPH (gpm)
1833
1877
1878
1889
1725
1790
1820
1842
1872
El Nino
La Niña
-3062-2-6 30
4
4
4
4
4
4
40
40
40
40
40
40
40
-4
-4
-4
-4
-4
-4
-40
-40
-40
-40
-40
-40
Fig. 2 High-pass filtered fields of temperature, precipitation,
sea-level pressure (SLP) and 500 hPa geopotential height
(GPH) in late winter (JFM; for precipitation DJF) during
extreme El Nin˜o and La Nin˜a events in the eighteenth and
nineteenth centuries. Corresponding data from early instrumen-
tal records are given in circles
S. Bro¨nnimann et al.: ENSO influence on Europe during the last centuries 187
123
tres of action. Rather, anomalies often appear off the
coast of France.
Comparability of these results with the cases pre-
sented in Mann et al. (2000a) is limited, as the latter
are for annual mean temperature. From both studies it
is obvious that the inter-event variability is relatively
large for extreme events. Note, however, that the
uncertainty of the reconstructions adds to this vari-
ability. The reconstructed fields agree well with the
early instrumental series, but the signal is slightly more
consistent and inter-event variability is slightly smaller
in the early instrumental data.
3.2 Composites
In the following, the strong ENSO events (outside one
standard deviation) are studied. Figures 3–5 show the
composites obtained for El Nin˜o and La Nin˜a (volca-
nically perturbed winters were excluded) for the three
subperiods for fall, winter and spring. The El Nin˜o
patterns for late winter in period INS (1880–2000;
Fig. 3) displays the expected ‘canonical’ signal. The
main features in the SLP field are positive anomalies
over Iceland and Scandinavia and negative anomalies
west of Spain and over southern and central Europe.
This pattern resembles the NAO pattern, but has
stronger anomalies in eastern Europe. The 500 hPa
GPH field shows negative anomalies over Europe,
though significant mainly over the central and north-
western part, probably reflecting frequent upper-
trough situations. The temperature field reveals nega-
tive anomalies in northeastern Europe and positive in
the Mediterranean region, especially in Turkey. Fi-
nally, precipitation was significantly higher at around
45N and lower in northern Europe and the southern
Mediterranean. The composite fields for period REC2
(1706–1879; Fig. 4) show a very similar pattern as for
period INS (except for fall) but the scaled means are
less significant for El Nin˜o winters. The main features
are also clearly confirmed when compositing early
instrumental data (not shown). In both periods, the
pattern persists into spring, though weaker and with
the SLP pattern shifted northwards. In fall, the pattern
in both periods (REC2 and INS) is different than in
late winter in many respects. The SLP field shows
negative anomalies south of Iceland. Precipitation
anomalies in the southern Mediterranean area change
sign from fall to spring. The seasonality of the El Nin˜o
signal found in REC2 and INS is in good agreement
with results found by others (e.g. Xoplaki 2002; Mari-
otti et al. 2002; Moron and Plaut 2003).
The La Nin˜a signal is close to symmetric to the El
Nin˜o signal during period INS, most notably in winter,
but to a lesser extent also in spring and fall. Symmetry
is also found in winter in period REC2 (here the La
Nin˜a signal is even more pronounced than in INS).
Interestingly, in period INS the most important fea-
tures are clearly less significant for the La Nin˜a case
than for the El Nin˜o composite.
For period REC1 (1500–1705, Fig. 5), significance is
very limited, which might be due to uncertainties in
both ENSO and the European climate field recon-
structions. Above normal temperatures in northern
Europe are found during El Nin˜o winters and La Nin˜a
springs, and precipitation is above normal in the St.
Petersburg region during La Nin˜a. These features dif-
fer from the results found in later periods. For the case
of temperature, this could partly be due to the different
definitions of the seasons. However, a non-stationary
behaviour cannot be ruled out and improved recon-
structions have to be awaited in order to be able to
better address this time period (unfortunately, there
are too few early observational records to analyse this
period). For this reason and because of the different
definitions of the seasons, REC1 is not used in the
following analyses, in which the data from the other
two periods are pooled.
Recall that for REC2 and INS, we found a close to
symmetric signal for El Nin˜o and La Nin˜a in the
composites’ scaled means. However, a non-linearity
may show up in the higher moments of the frequency
distribution. We therefore analysed the distribution
functions of several variables for El Nin˜o and La
Nin˜a events in the form of histograms. For this
analysis we used two early instrumental records that
are close to the main anomaly centres, that is, tem-
perature in Uppsala (since 1722), and precipitation in
Paris (since 1706). In addition, we analysed the NAO
index. Figure 6 shows histograms for these three
series for strong El Nin˜o and strong La Nin˜a (outside
one standard deviation, volcanic eruptions were ex-
cluded) since 1706. There is a clear signal in the
mean and median, as expected from the composite
analysis. The standard deviation is smaller for El
Nin˜o than for La Nin˜a for temperature at Uppsala
and for the NAO index. This result contrasts to some
extent with the studied extreme events (Sect. 3.1),
where a large inter-event variability was found for El
Nin˜o. It also contrasts with other studies as it is
generally assumed (e.g. Pozo-Va´zquez et al. 2001,
2005; Gouirand and Moron 2003; Alpert et al. 2006)
that the La Nin˜a signal is more robust than the El
Nin˜o signal. One major difference between this study
and others is the exclusion of volcanically perturbed
years (implications will be further addressed in Sect.
3.3).
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The number of cases is too small for statistically
addressing the shape of the distributions. However, it
is interesting to look at the extremes of the distri-
butions. Very cold winters in Uppsala during La
Nin˜a, though relatively rare, are more frequent than
very warm winters during El Nin˜o. For precipitation
in Paris the standard deviation is higher for strong El
Nin˜o than for strong La Nin˜a events. Very dry win-
ters occur with equal probability during both ENSO
phases, but very wet winters are more frequent dur-
ing El Nin˜o. In all three cases, including volcanic
eruptions would not only lead to smaller differences
of the mean values, but also to smaller differences in
the standard deviations.
El Niño
Temperature Precipitation SLP 500 hPa GPH
La Niña
spring
winter
fall
spring
winter
fall
-6 -4 -2 0 2 4 6 -6-8 -4 -2 0 2 4 6 8
Fig. 3 Composite anomaly fields (scaled means, modified t-
values; see text for details) of temperature, precipitation, sea-
level pressure (SLP) and 500 hPa geopotential height (GPH) for
different seasons during strong El Nin˜o and La Nin˜a events in
the period INS (1880–2003, volcanically perturbed winters were
excluded). Note that fall, winter and spring refer to OND, JFM
and AMJ for temperature, SLP and 500 hPa GPH, but to SON,
DJF and MAM for precipitation. Units are arbitrary. Shadings
for SLP and 500 hPa GPH as well as the dashed dark green and
solid light green contours (temperature and precipitation)
indicate significance at the 95% and 99% confidence levels
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3.3 Moving correlations
The composites shown in Fig. 3–5 reveal similar
anomaly patterns for all subperiods (especially REC2
and INS). From this analysis, we find no evidence for a
non-stationary relation between ENSO and European
climate. However, the subperiods are long and may not
be well suited for detecting non-stationary behaviour.
To test this further we analysed 51-year moving cor-
relations between the filtered and standardised Mann/
ERSST2 NINO3 index (thick lines in bottom part of
Fig. 1), from which volcanically perturbed winters
were excluded, and the three series discussed earlier
(temperature Uppsala, precipitation Paris, NAO in-
dex). The sign was changed such as to obtain positive
correlation for all series, that is, we used the negative
El Niño
La Niña
Temperature Precipitation SLP 500 hPa GPH
spring
winter
fall
spring
winter
fall
-6 -4 -2 0 2 4 6 -8 -6 -4 -2 0 2 4 6 8
Fig. 4 Composite anomaly fields (scaled means, modified t-
values; see text for details) of temperature, precipitation, sea-
level pressure (SLP) and 500 hPa geopotential height (GPH) for
different seasons during strong El Nin˜o and La Nin˜a events in
the period REC2 (1706–1879, volcanically perturbed winters
were excluded). Note that fall, winter and spring refer to OND,
JFM and AMJ for temperature, SLP and 500 hPa GPH, but to
SON, DJF and MAM for precipitation. Units are arbitrary.
Shadings for SLP and 500 hPa GPH as well as the dashed dark
green and solid light green contours (temperature and precipita-
tion) indicate significance at the 95% and 99% confidence levels
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Temperature Precipitation SLP
SON
SON
DJF
DJF
MAM
MAM
El Niño
La Niña
-6 -4 -2 0 2 4 6 -6-8 -4 -2 0 2 4 6 8
Fig. 5 Composite anomaly fields (scaled means, modified t-
values; see text for details) of temperature, precipitation and
SLP, for different seasons during strong El Nin˜o and La Nin˜a
events in the period REC1 (1500–1705, volcanically perturbed
winters were excluded). Units are arbitrary. Shadings for SLP as
well as the dashed dark green and solid light green contours
(temperature and precipitation) indicate significance at the 95%
and 99% confidence levels
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temperature at Uppsala, precipitation in Paris, and the
negative NAO index. In order to obtain a measure of
the ‘canonical’ effect, we defined a new index SUM as
the sum of the three standardised series. The moving
correlations are shown in Fig. 7, together with the
significance limit for an individual correlation as well as
estimates and 95% confidence intervals for the maxima
and minima in the time series of correlation coeffi-
cients, determined from Monte Carlo simulations
(assuming a correlation coefficient of 0.27 over the
whole period). All of the series show a positive cor-
relation with NINO3 almost throughout the period.
However, correlations are not strong as they vary be-
tween -0.1 and 0.6, approximately. Correlations are
generally highest in the late eighteenth and in the mid-
twentieth century. For SUM they are almost always
above the significance limit (for an individual coeffi-
cient) after around 1765. The minima and maxima in
each time series of correlation coefficients are in very
good agreement with the corresponding Monte Carlo
estimations. In all, this moving correlation analysis not
only confirms again that there is an ENSO effect on
Europe, but also that the relationship between these
European surface climate indices and ENSO has not
changed much over time. Statistically, there is no evi-
dence for a non-stationary behaviour of the influence
of ENSO on European climate throughout the last 280
years. However, at the Earth’s surface the correlations
are relatively modest.
When volcanic eruptions are not removed from the
NINO3 index (grey line in Fig. 7), correlations tend to
be lower. They even drop to insignificant values in the
past 50 years, which is the time period on which many
analyses of ENSO effects on Europe are based (e.g.
Greatbatch et al. 2004). This effect is expected, as
volcanic eruptions tend to concur with El Nin˜o events,
but have an opposite effect. It is therefore argued that
volcanic eruptions should be excluded from an analysis
of ENSO effects in Europe.
3.4 Modulating factors
The correlations between surface climate and ENSO
are relatively low (see Fig. 7). While this can to some
extent be explained by the large internal variability of
the atmospheric circulation in the extratropics (and its
random interaction with ENSO), it is also possible that
the ENSO signal is systematically modulated by other,
potentially predictable influences. To address this point
we stratified the relationship between NINO3 and
SUM indices (volcanic eruptions were excluded)
according to possible modulating factors. Thereby we
distinguished between a modulation on the interannual
scale (stratifying according to the sign of the anomalies
of the modulating factor) and a modulation of inter-
annual variability on the decadal scale (according to
the sign of the low-pass component of the modulating
factor with respect to 1961–1990).
For the influence of the North Pacific, we used five
time series: two PDO reconstructions, the Gulf of
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Fig. 6 Histograms of January-to-March averages of temperature
at Uppsala (left, since 1722), the North Atlantic Oscillation
(NAO) index (middle, 1706) and precipitation in Paris (right,
1706) for strong El Nin˜o events (top, red) and strong La Nin˜a
events (bottom, blue). Volcanically perturbed winters were
excluded. The number of cases is given in the top right corner
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Fig. 7 Coefficients of the correlation between the Mann et al.
(2000b) NINO3 index (updated with ERSST2 after 1879) and
several series that describe the expected response of European
climate (January-to-March averages of the negative temperature
at Uppsala, the negative North Atlantic Oscillation (NAO)
index, precipitation in Paris, as well as the sum of the three
standardised series) in a 51-year moving window. Volcanically
perturbed winters were excluded except for the grey line. The
dashed line shows the critical value of the correlation coefficient
for a single correlation (0.27, P = 0.05), ‘max’ and ‘min’ give the
estimated maxima and minima plus their 95% confidence
intervals obtained from Monte Carlo simulations, assuming a
correlation of 0.27 over the whole period
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Alaska temperature in April to September, and Mt.
Logan snow accumulation and oxygen isotope records
(see Sect. 2.4). For the interannual modulation we
found higher correlations between NINO3 and SUM
when the North Pacific time series in the year prior to
the analysed winter was in phase with ENSO compared
to when they were out of phase. The differences in the
correlation coefficients were significant for the two of
the three PDO indices [corresponding p-values are
0.01, 0.03 and 0.10 for the D’Arrigo et al. (2001), Bi-
ondi et al. (1998) and Shen et al. (2006) indices,
respectively]. The PDO anomalies are assumed to
largely represent ENSO forcing plus stochastic forcing
from the extratropical atmosphere, modified and
damped by oceanic processes (see also Newman et al.
2003). Note also that PDO and ENSO reconstructions
might be dependent. Hence, the results do not make
clear whether it is the North Pacific ocean that exerts a
modulating influence or whether the North Pacific
merely reflects differences in the tropical signal during
the previous year (e.g. the onset phase of ENSO). The
results do show, however, that when the ENSO signal
in the North Pacific area does not follow the ‘classical’
pattern (which involves a positive PDO index), then
the signal in Europe also tends to be weaker or dif-
ferent. Since we used the PDO index of the previous
year, this indicates potential predictability. No modu-
lation was found for the decadal scale.
For possible modulations in the North Atlantic area,
we tested September-to-December averages of the
NAOI as well as basin-wide (0–70N) SST anomalies.
In both cases we tested a modulation of the amplitude
cluster 1
cluster 1
cluster 2
cluster 2
El Niño
La Niña
Temperature Precipitation SLP 500 hPa GPH
-6 -4 -2 0 2 4 6 -6-8 -4 -2 0 2 4 6 8
Fig. 8 Composite anomaly fields (scaled means, modified t-
values; see text for details) of temperature, precipitation, sea-
level pressure (SLP) and 500 hPa geopotential height (GPH) in
late winter for clusters 1 and 2 of a two cluster solution for strong
El Nin˜o (top) and La Nin˜a (bottom) events in the periods REC1
and INS (1706–2000, volcanically perturbed winters were
excluded). Note that late winter refers to JFM except for
precipitation (DJF). Units are arbitrary. Zero contours are not
shown for SLP and 500 hPa GPH. Shadings for SLP and 500 hPa
GPH as well as the dashed dark green and solid light green
contours (temperature and precipitation) indicate significance at
the 95% and 99% confidence levels
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(stratification by sign of modulating factor) and a
modulation of the sign (stratification by in-phase or
out-of-phase relationship with NINO3). No significant
modulating effects were found, neither on the inter-
annual scale, nor on the decadal scale. Unfortunately,
no spatially resolved SST reconstructions are available,
which could provide more useful results.
3.5 Clustering
Related to the question of a modulation of the signal is
the question whether or not there are several distinct,
robust effects of ENSO on European climate. These
different signals might be distinguishable using a clus-
ter analysis. In a simple two-cluster case, for example,
one might find a symmetric response and an asym-
metric response. If ENSO can affect Europe both via
the North Pacific area and via the tropical Atlantic, one
might detect an ‘ENSO-North Pacific’ signal and an
‘ENSO-tropical Atlantic’ signal. As described in Sect.
2, we performed a multi-field (temperature, SLP and
precipitation in late winter, volcanically perturbed
winters removed) clustering analysis for strong El Nin˜o
and strong La Nin˜a events in the periods REC2 and
INS combined. The selection encompasses 39 and 32
strong events, respectively. As theory does not provide
an optimal number of clusters, we started with two
clusters and then increased the number of clusters to
three and four.
Independent of the number of clusters, one cluster
(here denoted cluster 1) is always much larger than the
other ones and exhibits the ‘canonical signal’. We
analyse here only the two-cluster solution, as in the
other solutions the cluster sizes become very small.
Figure 8 shows composite fields for the two-cluster
approach. For cluster 1, which comprises 26 out of 39
El Nin˜o events and 25 out of 32 La Nin˜a events, results
are very clear and highly significant. The symmetry of
the signal for El Nin˜o and La Nin˜a is striking. Results
also compare very well with a similar cluster analysis
(based only on SLP) performed by Gouirand and
Moron (2003). The cluster 2 shows a meridional cir-
culation anomaly pattern for El Nin˜o but a zonal pat-
tern for La Nin˜a. Hence, the two clusters are not
symmetric to each other. Cluster 2, though limited in
size, might contribute (in addition to the volcanic
eruptions) to the non-linear signal found by some au-
thors.
In order to test whether the two clusters could stem
from a modulation of the signal, we compared the
mean values of corresponding indices between the
clusters. No significant differences were found except
for the basin-wide temperature anomaly of the Atlan-
tic Ocean in the year before the analysed event in the
case of the El Nin˜o clusters. Here, cluster 1 events tend
to be preceded by negative Atlantic SST anomalies and
cluster 2 events by positive anomalies.
3.6 Low-frequency variability
In all previous analyses we have only addressed the
interannual variability and have removed the decadal
variability. In this section we would like to look spe-
cifically at the decadal to multidecadal component.
With respect to ENSO, this means that we are focus-
sing on ‘ENSO-like’ variability that is sometimes re-
ferred to as Interdecadal Pacific Oscillation (Folland
et al. 2002). We omitted volcanic eruptions, removed a
linear trend from all series and then regressed the
reconstructed fields onto the NINO3 index. Figure 9
shows the result for temperature and SLP in late winter
(REC2 and INS).
Clearly, the signal is very different than on the in-
terannual scale. In fact, it is close to opposite, with
positive temperature anomalies over northeastern
Europe and a positive NAO index. This is surprising at
first, but is in excellent agreement with what was found
by Mann et al. (2000a) for the multidecadal variability
in annual mean fields. No explanation for these results
can be given at the moment. More research, especially
analyses of coupled model simulations, is clearly nee-
ded to address multidecadal ENSO variability (e.g.
Mann et al. 2000a, 2005) and its effect on European
climate.
-0.2-0.6 0.2 0.6 (˚C)
Fig. 9 Coefficients of a regression between the Mann et al.
(2000b) NINO3 index and fields of temperature and sea-level
pressure (SLP) over Europe in late winter (JFM) for the periods
1706–2000 (REC2 and INS, volcanically perturbed winters were
excluded) after a low-pass filtering and detrending procedure
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4 Conclusions
In this paper we have addressed the relation between
ENSO and atmospheric circulation and climate in the
North Atlantic-European area based on statistically
reconstructed ENSO indices, long instrumental series,
and reconstructed fields of temperature, SLP, pre-
cipitation and 500 hPa GPH covering the past 250–
500 years. This allows to significantly expand the time
scale compared to most other studies on ENSO ef-
fects in Europe that are based on data from the late
nineteenth and twentieth century. The results for the
eighteenth and nineteenth centuries (after excluding
volcanically perturbed years) are very similar to those
found by other authors for the twentieth century.
They show the ‘canonical’ late winter signal with (for
El Nin˜o) negative and positive temperature anoma-
lies in northeastern Europe and Turkey, respectively,
a negative NAO, frequent upper troughs over central
Europe, and positive and negative precipitation
anomalies around 45N and in Norway and the
southeastern Mediterranean area, respectively. They
also reveal the reported seasonal differences in the
effect between early winter and late winter or spring
and they show a close to symmetric response for La
Nin˜a in most respects. Unlike other studies (none of
which excludes volcanically perturbed winters), we
find a very similar amount of inter-event variability
for El Nin˜o and La Nin˜a with respect to the main
features. In all, we find a consistent (though rather
weak), stationary signal during the past 300 years,
whereas no clear conclusions can be made for the
sixteenth and seventeenth centuries.
However, not all ENSO events are accompanied
by the anomalies reported earlier. In order to narrow
down the causes for the relatively large inter-event
variability, we addressed possible modulating factors
and performed a cluster analysis. We find that the
signal in Europe is strong when the climate in the
North Pacific (as measured by the PDO index in the
year prior to the analysed ENSO winter) is in phase
with ENSO. This is in agreement with our current
understanding of the mechanisms of ENSO effects on
European climate, which involve a downstream
propagation of the tropical disturbance from the Pa-
cific sector to the North Atlantic (e.g. Fraedrich
1994). Our analyses also show that it is very impor-
tant to remove volcanically perturbed winters when
analysing ENSO effects on European climate. This is
especially true for the last 50 years. In all, our results
suggest that ENSO could potentially be a source of
seasonal prediction skill for the North Atlantic-
European sector.
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